The experimental power of a granddaughter design to detect quantitative trait loci (QTL) in dairy cattle is often limited by the availability of progeny-tested sires, by the ignoring of already identified QTL in the statistical analysis, and by the application of stringent experimentwise significance levels. This study describes an experiment that addressed these points. A large granddaughter design was set up that included sires from two countries (Germany and France), resulting in almost 2000 sires. The animals were genotyped for markers on nine different chromosomes. The QTL analysis was done for six traits separately using a multimarker regression that included putative QTL on other chromosomes as cofactors in the model. Different variants of the false discovery rate (FDR) were applied. Two of them accounted for the proportion of truly null hypotheses, which were estimated to be 0.28 and 0.3, respectively, and were therefore tailored to the experiment. A total of 25 QTL could be mapped when cofactors were included in the model-7 more than without cofactors. Controlling the FDR at 0.05 revealed 31 QTL for the two FDR methods that accounted for the proportion of truly null hypotheses. The relatively high power of this study can be attributed to the size of the experiment, to the QTL analysis with cofactors, and to the application of an appropriate FDR. M UCH effort has been undertaken to identify quanexperiments used the existing male half-sib structure by setting up the so-called granddaughter design (Weller titative trait loci (QTL) associated with genetic et al. 1990). In this design the pedigree consists of sets variation for traits of economic or scientific interest in of genotyped and progeny-tested male half-sib families. livestock species with the aid of genetic markers. Hayes
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The power to detect QTL in a granddaughter design is and Goddard (2001) estimated the number of QTL in largely influenced by the size of the half-sib families, dairy cattle for a trait that undergoes selection at about which has its limit in the availability of progeny-tested 50 to 100 depending on the size of the effective populasons. Interval mapping is one of the most applied statistition. With regard to this, the majority of QTL remained cal methods in the analysis of granddaughter designs. undetected by the experiments undertaken so far. The This method uses information from consecutive informain reason for this is that the distribution of the QTL mative markers simultaneously to trace the inheritance effects follow likely a gamma distribution with many of a putative QTL (Knott et al. 1996) . A drawback of QTL of small effects and only a few of large effects this approach is that it does not take into account QTL (Hayes and Goddard 2001) and that QTL experiments outside the respective marker interval or even QTL on conducted to date are not powerful enough to detect other chromosomes. This might result in a bias of the the QTL of smaller effects.
QTL parameter estimates and in a reduced power of In QTL mapping in pigs it is common to generate the experiment, because the variance explained by addian F 2 cross of different, ideally divergent selected, breeds.
tional QTL appears in the residual of the applied interAs generating such a cross in dairy cattle is a timeval-mapping model. To overcome these limitations Janconsuming and costly process, most dairy cattle QTL sen (1993) proposed composite interval mapping. This method considers putative QTL in the respective marker interval as well as QTL outside this interval by 1 TABLE 1 monly used in outbred populations like granddaughter designs, mainly due to the variability of the information Description of the pedigree and the distribution of the content and due to different haplotypes across half-sib progeny testing and the genotyping of the sires families (Hoeschele et al. 1997 and Hochberg 1995) instead of the type I error rate is a useful statistical tool to overcome these two disadvansires were included in the French granddaughter design tages. Roughly speaking, the FDR is defined as the ex- (Boichard et al. 2003) . In Table 1 the pedigree structure is pected proportion of false positives among all rejected summarized. The first 5 families listed in Table 1 had already null hypotheses. It was introduced by Weller et al.
been included in a previous study (Bennewitz et al. 2003a ).
(1998) in QTL mapping. Recently, Storey and TibshiGenotypes: As it was not possible to analyze the whole genome during this study, nine chromosomes of special interest rani (2003) developed a FDR test procedure that is (BTA2, were selected. less conservative in comparison to the FDR procedure All German sires and a proportion of the French sires were proposed by Benjamini and Hochberg (1995) and is genotyped in Germany for the German set of markers tailored to genomewise experiments such as DNA mi- (Table 1 ). The remaining French sires were genotyped in croarray experiments.
France during the French genome-analysis experiment for the French set of markers. The numbers of common markers in The aim of this study was to analyze a large-scale both the German and the French sets were limited. Therefore, granddaughter design that included in total almost 2000 ‫03ف‬ German half-sibs of each of these families were additionsons from the German and the French dairy cattle geally genotyped for the French marker set to increase the accunome analysis projects (Thomsen et al. 2000 procedure see Thomsen et al. (2000) and Boichard et al. (2003) . Multipoint marker maps were calculated with the use of CRIMAP (Green et al. 1990 ). The estimated genetic maps MATERIALS AND METHODS with additional information are available at http:/ /www. tierzucht.uni-kiel.de/QTL_ADR_INRA.htm. Pedigree: The total pedigree consisted of 1977 Holstein sires distributed over 18 families. Seventeen (13) families inPhenotypes: The traits milk, fat and protein yield, fat and protein percentage, and somatic cell score were included. cluded progeny-tested sires from Germany (France) and 12 families included progeny-tested sires in both countries. The
For the French sires daughter yield deviations were used as provided by the French national computing center. For the total number of German (French) sires was 896 (1081). The German sires were included in the German granddaughter German sires no daughter yield deviations were available. Estimated breeding values were therefore taken from the routine design (Thomsen et al. 2000) and a proportion of the French Powerful QTL Analysis in Dairy Cattle sire evaluation and were deregressed as described by Thomsen where yЈ ijk is the adjusted phenotype of progeny i within family j for the chromosome h and the remaining variables are as et al. (2001) . Note that Thomsen et al. (2001) showed the almost equivalency of daughter yield deviations and deredefined in (2). For each candidate chromosome the phenotypes were adjusted separately by setting the regression coeffigressed breeding values for the use in QTL-mapping experiments. The daughter yield deviations were multiplied by 2 cient b ik for the QTL mapped on that particular chromosome to zero. For the noncandidate chromosomes the phenotypes to make them comparable to estimated breeding values. All phenotypes were expressed in genetic standard deviations as were adjusted for the full set of cofactors. The QTL analysis was now repeated (step 1, model 1) including the permutation provided by each country. Within each family, the phenotypic means of the two half-sib groups (i.e., the within-family mean test, but now with the corresponding adjusted phenotypes instead of using the original phenotypes. If this reanalysis of the half-sibs progeny tested in Germany and the withinfamily mean of the half-sibs progeny tested in France) were revealed new candidate chromosome(s) (p c Յ 0.05), the second step (estimating of cofactor effects, model 2) and the subtracted from the corresponding original phenotype. Additionally, the variances of the phenotypes of these two half-sib third step (phenotype adjustment, Equation 3) were repeated and step 1 was conducted again. The analysis ended when no groups were standardized. The genetic correlation between breeding values for traits milk yield, fat yield, protein yield, new candidate chromosome(s) were identified after performing step 1. See de Koning et al. (2001) for a graphical and somatic cell score estimated in Germany and estimated in France are always Ͼ0.87 (results from interbull evaluations, presentation of this protocol.
A grandsire was assumed to be heterozygous at a significant www-interbull.slu.se), indicating that the traits investigated were the same in both countries.
QTL when the haplotype contrast at the estimated QTL position was significant at P Յ 0.05 (t-test). QTL substitution effects Statistical analysis: The most likely marker haplotype of the grandsires was determined using the genotype information of (Falconer and Mackay 1996) were calculated as the average of the substitution effect estimates from the QTL heterozygous the progeny. For each offspring the probability of inheriting the father's segment of the first chromosome for each centigrandsires.
In a previous study we detected a statistical QTL-by-environmorgan was calculated using the genotype information of two consecutive informative markers (Knott et al. 1996) , where ment interaction when analyzing two half-sib groups that share the same father but were progeny tested in different countries possible, simultaneously. These probabilities were termed QTL transition probabilities (p ) and were retained for the (Bennewitz et al. 2003a ). This interaction is defined as the occurrence of significance of a QTL only in one of the two halfrest of the analysis.
The QTL analyses followed the suggestions of de Koning sib groups and can have many reasons such as an interaction of the QTL with the polygenic background that might be differet al. (2001) and were performed across families for each trait separately by performing the following three steps. In a first ent in the two groups, a QTL-by-environment interaction in a strict sense, a type I error, or a type II error. In the present step the chromosomes were scanned to identify putative QTL using the following regression model (Knott et al. 1996) , study the existence of statistical QTL-by-environment interaction as defined above was tested for the chromosomal positions
that harbor putative significant QTL by applying the following model, where y ij is the original trait value of sire j of the grandsire i, gs i is the fixed effect of the grandsire i, b ik is the regression
coefficient of the grandsire i at the chromosomal location k and represents the QTL allele substitution effect (Falconer where E h is the environment h (progeny tested in either Gerand Mackay 1996), and p ijk is the QTL transition probability many or France), ihk is the interaction of the h environment as defined above for sire j in the grandsire family i at chromoand the QTL transition probability, and the remaining varisomal position k. The null hypothesis was that no QTL segreables are as defined above. Note that this was no systematic gates on this chromosome for the trait under consideration, search for the presence of a statistical QTL-by-environment the alternative hypothesis was that one QTL segregates on interaction. this chromosome. The test statistic was an F-ratio defined as For the final set of identified QTL the genomewise error the mean square deviation of regression divided by the mean probabilities (p g ) were calculated using the Bonferroni correcsquare deviation of residuals pooled across families. Chromotion assuming 30 chromosomes,
. Additionsomewise test statistical critical values were obtained by the ally, a Bonferroni correction approach was applied to calculate use of the permutation test (Churchill and Doerge 1994) , experimentwise error probabilities (p e ) assuming nine indeperforming 10,000 permutations. Following the suggestions pendent tests (9 chromosomes investigated) that were conof de Koning et al. (2001) a chromosome was declared as a ducted six times (six traits), i.e., p e ϭ 6 ϫ (1
). candidate for carrying a putative QTL when the chromoNote that this is a rough estimation of the experimentwise somewise error probability (p c ) was Յ0.05. In a second step error rate, because the dependence structure of the tests was the QTL transition probabilities at the position with the highnot quantified. Hence, p e can be Ͼ1 in some cases. Noncentral est test statistic on the candidate chromosomes were included confidence intervals for the estimated QTL position were calas cofactors in the following model to estimate the effect of culated by permutation bootstrapping (Bennewitz et al. all cofactors simultaneously, 2002) , performing 250 bootstrap samples. This bootstrap method corrects for the marker impact on the distribution of the QTL position estimates along the chromosome from the
evaluated bootstrap samples, taking the results of the permutation test into account. where n is the number of total identified candidate chromoComputing the FDR: In the following a brief description somes, k is here the chromosomal position of the cofactor(s), of the FDR as calculated in this study is given, based on the and the remaining variables are as defined in (1). In a third studies of Benjamini and Hochberg (1995), Storey and step the original phenotypes were adjusted for the estimated Tibshirani (2003), and Storey et al. (2004) . In multiplecofactor effects using the formula testing procedures the possible outcomes of m tests are the number of hypotheses declared as significant (S ), where F is et al. (1998) Table 2 ). Let m 0 denote the number In this study three different values of 0 for the 54 chromoof true null hypotheses. F, T, and S are random variables and somewise error probabilities were used in (7) and (8). The only S is known and depends on the multiple-test procedure first method for 0 estimation is described by Storey and to be described. The FDR is the expected proportion of false
Tibshirani ( (2003) for the estimation of 0,S and discovery rate (pFDR). This value seems to be more interesting 0,B , which is available at http:/ /faculty.washington.edu/ as a significance criterion, but it is difficult to control the pFDR ‫ف‬jstorey/qvalue. Additionally, as proposed by Benjamini and in situations when the proportion of true null hypotheses is Hochberg (1995), a value of 1 was used for 0 (resulting in high. When all null hypotheses are true then every discovery 0,BH and FDR BH , respectively). is a false discovery. Hence, for m 0 ϭ m a true discovery is not possible and the pFDR is always equal to one. In this case the user should be interested in avoiding every discovery. This analyzed, 12 of which were genomewise significant (p g Ͻ Using the FDR as a significance criterion with a chosen FDR level q according to the test procedure of Benjamini and 0.05, Table 4), and 9 of which were experimentwise Hochberg (1995) , it is necessary that the m tests are ordered significant (p e Ͻ 0.05, Table 4). A highly significant QTL by their P-values as p(i ) Յ . . . , p(m ) for i ϭ 1 . . . , m (i.e., i for all five milk production traits was found on BTA14.
is a ranking number of the m tests based on their P-values). Winter et al. (2002) and Grisart et al. (2002) found Let î be the greatest i fulfilling a nonconservative mutation in a strong candidate gene to be most likely responsible for the genetic variance
attributable to this QTL. The effect of this mutation was highly significant for all milk production traits in and then the all hypotheses i with i Յ î will be rejected. This procedure guarantees that FDR Յ (m 0 /m )q (Benjamini and German Holsteins (Thaller et al. 2003) , with a substan- between 0.36 and 0.9 genetic standard deviations. The estimated widths of the confidence intervals (Ta-
ble 3) were larger than expected given the size of the Now, for i ϭ m Ϫ 1, m Ϫ 2, . . . , 1 calculate
experiment. An explanation for these contradictory results is that the families were genotyped heterogeneously;
. (8) i.e., not all members of a family were genotyped for (Grisart et al. 2002; Winter et al. 2002) ; see Thaller et al. (2003) for the effects of the mutation in the German Holstein. the same set of markers (Bennewitz et al. 2003a) . A only in the analysis without cofactors. The F-value dropped from 2.2 to 1.9 with the full set of cofactors. In general, significant statistical QTL-by-environment interaction was not found in the across-family analysis. Single-family the estimated QTL positions did not change significantly when cofactors were included in the analysis and analyses revealed significant interaction effects for some of the QTL mapped. However, when these results were the size of the estimated confidence intervals tended to be slightly smaller (not shown). A remarkable outcome corrected for multiple testing using the Bonferroni method assuming 12 grandsires with progeny in both is that the threshold values for the chromosomewise error probabilities decreased in general by ‫1.0ف‬ units countries (Table 1 ) the significant interaction effects disappeared.
when permuting the adjusted phenotypes during the analysis with cofactors compared to the simple analysis Without cofactor analysis only 18 chromosomewise (6 genomewise) QTL were found. The number of cofac-(not shown). This emphasized the need to apply the permutation test in every round of cofactor selection tors included for each trait was equal to the number of chromosomewise significant QTL (Table 3) . It required rather than permuting only the original phenotypes and using the corresponding threshold values in the one, one, three, two, three, and two round(s) of cofactor selection for the traits milk yield, fat yield, protein yield, subsequent analysis. The q-values estimated by FDR BH , FDR S , and FDR B are fat percentage, protein percentage, and somatic cell score, respectively. In general the F-values were larger shown in Table 4 for 35 hypotheses with the lowest p c -values. Additionally, the experimentwise error probain the cofactor analysis. This was most extreme for fat percentage on BTA20 (Table 3) . On the other hand, a bilities (p e ) are presented in Table 4 . As expected, the FDR BH produced the highest q-values, followed by the QTL for somatic cell score on BTA02 was significant corresponding experimentwise error probability, except for the q-values that were equal to zero (Table 4) . this QTL would probably be missed. with and without cofactors in the model (Table 3) increase of the test statistic, and hence the statistical d Experimentwise error probability.
power when including cofactors, is a result of the reduced residual variance. Additionally, the plots of the test statistic along the chromosomes showed in general a more pronounced maximum for significant QTL when q-values of FDR S and FDR B , which were nearly identical. This is also visualized in the plot of the q-values against cofactors were included in the model (not shown). This led, together with the elevated test statistic, to the the ranking number i of the hypotheses tested ( Figure  1 ). For low i (i Ͻ 20) the q-values were on a similar slightly reduced width of the confidence intervals. The potential benefit of the cofactor analysis would even be level, but with increasing i (i Ͼ 20) the differences between the q-values became substantial. For example, greater if the set of cofactors was complete. In this study this set was incomplete because only nine chromosomes when thresholding the q-values at q Յ 0.05, 31 QTL were declared as significant for both the FDR B and the were included and it is reasonable to assume that some chromosomes not included harbor significant QTL. and Goddard (2001) into account, various QTL of varies in outbred populations, making the definition of well-chosen marker intervals cumbersome. The lowest smaller effects were missed. Two reasons come into question-either they are all located on the chromo-P-values from consecutive marker intervals would show a strong dependence in those families that are not very somes not included in this study or, more likely, some of them are located on the chromosomes included but informative for markers between the intervals. Indeed this is the main reason why it is difficult to apply composwere not declared as significant. Hence the relatively high power of the experiment mentioned above is only ite interval mapping in outbred populations and why the method of de Koning et al. (2001) rather than that for the detection of larger QTL when using the chromosomewise or even genomewise or experimentwise sigof composite interval mapping was used to account for multiple QTL. nificance level at P Յ 0.05. Thus, the choice of the right significance criterion for controlling the type I error
The FDR was calculated across traits, going against the recommendation of Lee et al. (2002) . These authors rate can be seen as a balance between the experimental power and the probability of making a type I error.
showed that adding low heritability traits to the analysis reduces the power when calculating the FDR across As pointed out by Lee et al. (2002) , the concept of controlling the type I error rate on the null hypotheses traits. On the other hand, the across-traits FDR calculation is very attractive because it is not necessary to acof no QTL might not be appropriate when the trait under consideration is heritable in the population, becount for multiple-FDR procedures that would arise when the FDR was calculated for each trait separately. cause in these cases there must be QTL on the genome that are responsible for the genetic variance. The au-
The traits included are all heritable and from other studies it is known that QTL segregate for all traits in thors suggested that in these cases it would make sense to test chromosome regions with QTL against those with dairy cattle populations. Additionally, the estimates of 0 were ‫,3.0ف‬ meaning that ‫83ف‬ of the 54 tests represent no QTL, which leads automatically to the concept of the FDR (Lee et al. 2002) . The fundamental difference true effects. We therefore supposed that the power is not reduced by the FDR calculation across traits. The between the concept of controlling the type I error rate and controlling the FDR is that the type I error rate is applied alternative across-traits significance criterion was the experimentwise error probability. However, as the proportion of false positives among the true null hypotheses whereas the FDR is the proportion of false shown in Table 4 , this criterion is overwhelmingly stringent, resulting in a low experimental power. Considerpositives among all accepted alternative hypotheses.
In this study FDR methods were applied under the ing the across-trait FDR calculation, if the p c -values of the tests corresponding to true null hypotheses are posigeneral assumption of a maximum one QTL for each trait on a certain chromosome and subsequently used tively correlated and m 0 is known, then the FDR methods applying (6) or (7) and (8) are valid and conservative the chromosomewise error probabilities as P-values. Note that no hint for two QTL on a single chromosome (Benjamini and Yekutieli 1997) . Since the tests used are two sided, positive or negative correlations between for a particular trait could be found in the data (not shown). Alternatively, Lee et al. (2002) recommended the traits would yield positive correlations between the p c , at least for small values of the p c . Therefore we assume the use of the lowest comparisonwise error probabilities within a marker interval as P-values for the FDR calculathat also for estimated values of m 0 the FDR methods applied in this study are approximately valid. tion in F 2 crosses. However, the informativeness of markers for a certain marker interval as used in this study Three different FDR methods were applied in this more, in the present study it also proved to be less higher than would be expected if all null hypotheses conservative compared to the classical threshold setting. were true. On the other hand, p c Ͼ 0.1 are almost uniFor example, when using the FDR B instead of the chroformly distributed with a slight decrease with higher p cmosomewise or even experimentwise threshold levels values. Additionally it is known from previous work that more QTL will be declared as significant (Table 4) . five QTL are real effects in the design that is the QTL Hence, replacing the classical threshold setting based for the five milk production traits on BTA14 (Thaller on P-values The comparatively high number of QTL found emphathe mixture distribution of the p c -values, and both prosized the high power of the experiment. This high power duced nearly identical results. Both methods estimated was due to the large design, the inclusion of multiple values for 0 ( 0,S ϭ 0.30 and 0,B ϭ 0.28) that are QTL as cofactors in the statistical model, and the appliapproximately in agreement with the density of the p ccation of the false discovery rate, which accounted for values for p c Ͼ 0.6 in the histogram in Figure 2 . This the proportion of truly null hypotheses. As the analysis density reflects the proportion of true null hypotheses revealed no significant QTL-by-environment interaction (Storey and Tibshirani 2003) . In his software manual the QTL found can be taken as candidates for the Storey wrote that the FDR S method often works better marker-assisted selection programs currently implethan the FDR B method, but that it can backfire for a mented in both countries, in Germany (Bennewitz et al. small number of tests or in pathological situations. In 2003b) as well as in France (Boichard et al. 2002) . general, the authors recommended the use of the FDR B method if the number of tests is small. Similar to these We thank Mike E. Goddard for helpful discussions and for carefully reading this manuscript. This article has benefited from the critical two methods, Mosig et al. (2001) presented an iterative
